I. INTRODUCTION
The physics of quantum dots (QDs) is of great scientific interest from both fundamental and application point of view. A comprehensive knowledge about nonlinear absorption and refraction processes in quasi-zero dimensional semiconductor structures or QDs is important for further development of nonlinear-optical semiconductor devices [1] [2] [3] [4] . Quest for knowledge about this topic can be adequately addressed by nonlinear optical experimental techniques, such as Z-scan [5] [6] [7] [8] , degenerate four-wave mixing (DFWM) [9, 10] , and pump-probe spectroscopy [11] . Over the past years, these nonlinear optical experimental techniques have been extensively used as powerful tools towards investigating the excited electron-hole pair states dynamics of semiconductor QDs, providing complementary information that obtained by linear optical experimental techniques. With the access of ultrafast and ultrahigh intense laser pulses, multiphoton absorption i .e. simultaneous absorption of two or more photons has been extensively studied. These multiphoton absorption processes are exceedingly promising in many fields including optical limiting [12] [13] [14] [15] , 3D microfabrication [16] , optical data storage [17, 18] , and biomedical applications [19] . In this regard, CdS QDs are of particular interest because of their high intrinsic nonlinearity [20] .
So far, various nonlinear processes for comprehensive materials were studied [6, 7, 9] .
Furthermore, third-order nonlinear index γ and refractive-index change coefficient σ r corresponding to free-carriers due to TPA have been calculated from closed-aperture Z-scan results [7] . To the best of our knowledge, there are hardly any work included discussion on deriving these nonlinear parameters for three or four-photon absorption in QDs.
In this paper, we report the detail investigation of nonlinear optical processes in CdS QDs synthesized by gamma-irradiation technique. Towards understanding these processes, intensity dependent DFWM, open, and closed-aperture Z-scan experiments were performed. Furthermore, we derived γ and σ r values corresponding to excited-state electrons generated by four-photon absorption. Results of open-aperture Z-scan with 400 nm femtosecond laser pulses has also been presented. In the first section of results and discussion, we report nonlinear studies on this CdS QD sample. In the later part, we present UV-visible absorption, room temperature photoluminescence and TCSPC experimental results for better understanding of the electronic states in the QDs.
II. EXPERIMENTAL
The results of ultrafast nonlinear experiments including DFWM, open-aperture and closed-aperture Z-scan on colloidal solution of CdS QD sample have been reported in this paper. These nonlinear studies are performed using a Ti: Sapphire femtosecond laser (SpectraPhysics, Mai Tai, Spitfire amplifier) having wavelength λ = 800 nm, and repetition rate 1 KHz. The pulse width was determined to be 110 fs through intensity autocorrelation measurements. The nonlinear properties are investigated for the intensity regime 0.02 TW/cm 2 to 0.80 TW/cm 2 with the femtosecond laser pulses. The input beam intensity is varied using a polarizer and a λ/2 plate combination. It can be noted that at this intensity range, the water solution does not show any nonlinear behaviour for DFWM as well as Z-scan experiments. The DFWM experiments are performed using folded boxcar geometry [21] . In this technique, a three-dimensional phase-matching is implemented, which enables spatial separation of the signal-beam from the input beams. The fundamental beam is divided into three nearly equal intensity beams (intensity ratio of 1:1:0.9) in such a way that they form three corners of a square and are focused into the nonlinear medium. All three beams are synchronized both spatially and temporally. The resultant DFWM signal is generated due to the phase-matched interaction:
In Z-scan experiments, a Gaussian laser beam is tightly focused onto an optically non-linear sample using a finite aperture and the transmittance through the medium is measured in the far field. Finally, the resultant transmittance is recorded as function of the sample position Z measured about the focal plane. Open-aperture Z-scan has also been performed at wavelength 400 nm (second harmonic of the fundamental wavelength from a BBO crystal). The details about synthesis and structural characterization of the CdS QDs are reported in [22] . Particle size distribution and chemical composition are obtained from the HRTEM images, XPS and Raman spectra analysis.
III. RESULTS AND DISCUSSION
DFWM signal versus probe delay plots for colloidal solution of CdS QDs are shown in Fig. 1 (a) . dependence. It clearly demonstrates that the nonlinearity behaves in a Kerr-like fashion and the origin of DFWM does not have contribution from any multiphoton absorption process, which leads to higher power dependence [23] . It can be seen from the intensity dependence of the DFWM signal plot that the DFWM signal intensity goes down at input intensity around 180 GW/cm 2 . This substantial reduction in the DFWM signal intensity is mainly due to the nonlinear absorption of all interacting beams. However, the DFWM signal does not show any higher power dependence, expected for multiphoton absorption, indicating the dominance of χ (3) process over multiphoton photon absorption at this input intensity regime. To confirm this, we have performed open-aperture Z-scan experiment, which is discussed in the next section. The measurement of χ (3) values are performed at zero time delay of all the beams. We estimated the magnitude of χ
1111 by maintaining the same polarization for all the three incident beams. The third-order nonlinear optical susceptibility χ (3) is estimated by comparing the measured DFWM signal of the sample with that of CS 2 as reference (χ samp is given by [23] 
where I is the DFWM signal intensity, α is the linear absorption coefficient, L is sample path length, and n (n samp = 1.329 and n CS 2 = 1.606 at λ = 800 nm) is the refractive-index.
The effective refractive-index of the sample is essentially that of water solution. The χ (3) value for the CdS QD sample comes out to be (4.15 ± 0.42) × 10 −13 esu for an input intensity of 47.5 GW/cm 2 . Assuming no QD-QD interaction, the measured χ (3) can be written as
where N is the QD concentration in the solution and Ξ /2) were 23.3 µm and 2.13 cm, respectively. Whereas, the sample cell thickness was 1 mm. Therefore, the sample was considered as 'thin' and the slowly varying envelope approximation (SVEA) was applied to obtain theoretical fitting of the experimental data points [6] . Fig. 2 (a) process. The theoretical fitting with 4PA matches well with the experimental data. Fig. 3 (a) shows multi-photon absorption coefficient versus incident beam intensity plots. It can be noted that the α 4 value remains almost constant for the intensity range 0.53 TW/cm 2 to 0.80 TW/cm 2 . Whereas, α 2 and α 3 increase quadratically and linearly with incident beam intensity, respectively. Therefore, it can be concluded that at this incident beam intensity range, four-photon absorption process is dominant. Fig. 3 (b) shows nonlinear transmittance plot for CdS QD sample. It shows that the nonlinear absorption starts at peak intensity around 0.18 TW/cm 2 , which supports the results obtained in DFWM experiments. The valley-peak configuration of the closed-aperture Z-scan curve indicates positive (selffocusing) nonlinearity due to the electronic Kerr-effect and excited state electrons reached by 4PA process. The corresponding phase equation can be given by [6] 
where ∆n = γI + σ r N is the change in index of refraction. γ is the nonlinear index corresponding to the bound electrons and σ r is the change in the refractive-index per unit photo-generated excited state electron density N. In the context of excited state electron generation due to 4PA, we can neglect excited state relaxation as these processes occur at longer time scale than the femtosecond laser pulses used for performing these experiments.
Therefore, neglecting relaxation loss, the excited state electron generation rate due to 4PA
can be given by 
where C = 0.23(α 4 τ 0 /4 ω). Here τ 0 is pulse width of the excitation laser beam. In absence of nonlinear absorption, the difference between peak and valley (∆T p−v ) in closed-aperture Z-scan transmittance can be given by [7] ∆T
where p Fig. 4 (b) . In absence of any higher-order nonlinearity, this plot is expected to be a horizontal line with vertical intercept γ. Whereas, Dhayal et al. [27] have reported that there are real excited states at this energy level for CdS QDs. Therefore, it can be concluded that the electrons absorb three-photons initially and reach these real excited states. Thereafter the electrons absorb one more photon to reach the terminal state. Therefore, this multiphoton absorption process can be called as 3PA assisted 4PA.
IV. CONCLUSION
The ultrafast nonlinear optical properties including the time response of CdS QD sample using degenerate four-wave mixing technique at a wavelength of 800 nm with 110 fs pulses were thoroughly investigated. The nonlinear experiments were performed for the intensity regime 0.02 TW/cm 2 to 0.80 TW/cm 2 . The CdS QD sample shows Kerr-type nonlinearity for intensity below 0.18 TW/cm 2 . However, the intensity dependent open-aperture and closed-aperture Z-scan studies with 800 nm femtosecond laser pulses indicate 4PA above this input intensity. The closed-aperture Z-scan also manifests positive nonlinearity (selffocusing) for the CdS QDs. Open-aperture Z-scan with 400 nm femtosecond laser pulses shows two-photon absorption (TPA).
Band gap energy and the defect state energy of the CdS QDs were estimated from the UV-visible absorption and PL spectrum. Whereas, information about the energy positions of the higher-order electronic states is obtained from the multiphoton absorption processes.
